One of the earliest cellular responses to many neurotransmitters and growth factors is the induction of the AP-1 transcription complex, which is composed of members of the jun (c-jun, junB, and junD) and fos (c-fos, fosB, fosB2, fra-1, and fra-2) families (3). Expression of the various AP-1 factors is differentially regulated spatially (13, 56) during cell cycle progression (31) and in response to many stimuli (7, 38) . Given that the AP-1 proteins have different transcriptional properties as a result of specific activation and repression domains (16, 33, 50) and/or differential posttranslational modifications (reviewed in reference 27), the composition of the AP-1 complex could be critical to its regulatory function.
AP-1 proteins bind specific DNA sequences, termed TREs (tetradecanoyl phorbol acetate [TPA] response elements) that are present within the regulatory regions of many different genes (reviewed in reference 27). jun members bind DNA as homo-or heterodimers, and their affinity for DNA is greatly enhanced by fos proteins (37) . Binding by jun homodimers or fos-jun heterodimers produces distinct DNA bending that may result in highly specific protein-protein interactions between AP-1 factors and other promoter-bound transcription complexes (28, 29) . Thus, fos proteins may contribute to regulatory specificity at two levels by enhancing association of jun proteins to DNA and altering DNA structure. However, whether fos proteins also contribute to transcriptional activation by the heterodimer remains unclear. Indeed, jun-mediated transactivation of AP-1-dependent promoters requires an N-terminal transactivation domain of c-jun (4, 11) which was reported to be the major contributor to transcriptional stimulation in the context of the jun-fos heterodimer (1) . Nevertheless, the c-fos protein contains several transcriptionally active regions, including several autonomous transactivation domains (17, 26, 49, 58) , a carboxy-terminal transrepression domain (22, 39, 44) , and a region that interacts with the TATA box-binding protein (36) . Although these domains are critical for some cellular functions of c-fos such as transformation (55, 58) , they may reflect a transcriptional role of fos independent of AP-1 complex (55) .
Support for a contribution of c-fos to transactivation of AP-1-dependent promoters came recently from studies using c-fos null cell cultures which provided the first direct evidence for an in vivo function of c-fos in activation of a subset of AP-1-dependent promoters (24, 45) . Indeed, two independent groups have analyzed AP-1 binding and transcriptional regulation of several AP-1 target genes in fibroblasts lacking c-fos (12, 24, 45) . These studies revealed normal AP-1 DNA binding activity and similar levels of some known AP-1-dependent transcripts; however, other AP-1 target genes were either downregulated (24) or unresponsive to growth factors (24) or UV irradiation (45) . These data suggested that AP-1 sites themselves may be divided into subtypes defined by their specificity for certain AP-1 members or by their involvement in basal versus induced transcription.
We have characterized an AP-1 site in the atrial natriuretic factor (ANF) promoter that defines a subclass of AP-1 sites specific for c-fos-containing heterodimers. On this specialized AP-1 site, c-fos appears to be the major contributor to transactivation. Moreover, transactivation by c-fos is enhanced by the mitogen-activated protein kinase (MAPK) and requires a c-fos domain previously associated with transrepression. The data provide evidence for novel regulatory mechanisms that may contribute to biologic specificities of the AP-1 transcription complex.
RESULTS
Identification of an AP-1 site specific for jun-fos heterodimers. Several members of the AP-1 family of transcription factors are expressed in myocardial cells in response to hormonal or mechanical stimulation (25, 30, 34, 46) . Because most of these stimuli lead to cardiac hypertrophy, it has been speculated that AP-1 proteins may be involved in the genetic reprogramming that accompanies cardiac hypertrophy. However, the role of AP-1 proteins in cardiac transcription remains essentially unclear. The ANF gene is a hallmark of the genetic switch associated with trophic stimulation of cardiomyocytes, and the ANF promoter contains an AP-1-like site that was previously shown to interact with similar cardiac nuclear proteins as the well-characterized collagenase AP-1/TRE element (34) .
The ANF AP-1 site (A-TRE) is highly homologous to the consensus motif of well-characterized TREs (C-TRE) (Fig.  1A) , differing at only the center position of the palindrome (G to A). The activities of the two elements were compared in transfection experiments in HeLa and F9 cells, in the absence (HeLa) or presence (F9) of cotransfected c-jun vector (Fig.  1B) . HeLa cells contain abundant AP-1 activity (predominantly c-jun homodimers), while F9 cells are devoid of functional AP-1 (32) . In both cases, the transcriptional activity of the C-TRE-containing promoter was substantially induced (Fig.  1B, right) . In contrast, the A-TRE did not mediate a similar activation irrespective of its orientation (Fig. 1B and data not shown) indicating that the A-TRE was unresponsive to c-jun homodimers. The lack of response of the A-TRE may be due to its lower affinity for c-jun relative to the C-TRE. Since it is well documented that c-fos enhances the DNA binding affinity of c-jun to AP-1 sites (37), we tested whether c-fos could restore jun inducibility to the A-TRE. In F9 cells, the A-TRE showed no response to various jun members, but cotransfection with either c-fos-c-jun or c-fos-junD resulted in very strong activation of the A-TRE (Fig. 1C) . Similar results were obtained for quiescent cardiomyocyte cultures except that the response to c-fos-junD was routinely stronger than that to other AP-1 heterodimers. This was particularly evident for reporter plasmids containing a single copy of the A-TRE (Fig. 1D ). As expected, mutation of a half site of the A-TRE core motif (mutant 4 [MUT4]) completely abrogated transactivation by AP-1 heterodimers (Fig. 1D) . The A-TRE also responded to c-fos-junD transactivation in the context of its native promoter both in cardiomyocytes and in HeLa cells (Fig. 1E ). Given the distinct functional properties of the A-TRE, we examined the effects of point mutations on the activity of the A-TRE (Fig.  1F) . In both HeLa cells and cardiomyocytes, conversion of the base pair at the center of the A-TRE motif to that of C-TRE (MUT1) did not alter basal activity. Similarly, conversion of an A to G just 5Ј of the core motif (MUT2) produced no change compared to wild-type A-TRE. However, a double mutant (MUT3) of these two sites elevated A-TRE activity to that of the C-TRE in both cell types (Fig. 1E) . Together, the data indicate that the A-TRE is activated exclusively by jun-fos heterodimers; the results also suggest that the primary DNA sequence may be an important determinant of TRE selectivity.
To determine whether the functional differences between the A-TRE and C-TRE were due to differential binding of AP-1 proteins, we analyzed binding of endogenous and purified jun-fos proteins to the A-and C-TRE probes in gel shift experiments ( Fig. 2A) . As expected, c-fos did not bind either probe alone. Both probes bound c-jun, and the level of binding was increased in the presence of c-fos. junD alone had very low affinity for either probe, but addition of c-fos greatly enhanced its affinity for DNA. The weaker binding of junD than of c-jun to each TRE correlated with other observations suggesting weak affinity of junD homodimers for DNA (41, 52) . The ability of the A-TRE to interact with endogenous AP-1 proteins was confirmed in assays using nuclear extracts prepared from quiescent and serum-or TPA-treated cardiomyocytes. As shown in Fig. 2B , in quiescent cardiomyocytes, junD appeared to be the major AP-1 protein bound over the A-TRE; moreover, serum or TPA treatment resulted in the recruitment of c-fos to the A-TRE-AP-1 complex (Fig. 2B, right) .
Since the two probes exhibited similar binding profiles qualitatively, a more detailed analysis of their relative affinities was carried out by using competition and direct binding assays with HeLa cell nuclear extracts or purified c-jun and c-fos proteins. As shown in Fig. 2C , the A-TRE probe bound significantly less protein in HeLa extracts and was clearly a less efficient competitor of AP-1 binding than the C-TRE. These results were further confirmed by comparing in vitro binding profiles of each TRE to purified c-jun in presence or absence of c-fos (Fig.  2D) . The quantitative differences in DNA binding observed in vitro may well contribute to the functional differences between the two TREs in vivo. Indeed, the mutation (MUT3 [ Fig. 1] ) that increases activity of the A-TRE in HeLa cells and in cardiomyocytes to that of the C-TRE and restores c-jun inducibility also increases binding affinity to c-jun (Fig. 2E) . Thus, it appears that the A-TRE is a lower-affinity AP-1 site which might in turn confer an absolute requirement for c-fos since fos-jun heterodimers have greater DNA binding affinity than jun homodimers.
c-fos activation domains are essential for heterodimer-mediated transactivation of the A-TRE. As stated above, c-fos might be required primarily to allow DNA binding of c-jun-c- Presence of junD in cardiocyte AP-1-A-TRE complexes and recruitment of c-fos to the complex following growth stimulation. Nuclear extracts prepared from quiescent (96 h in serum-free medium) or TPA-treated (100 ng/ml, 45 min) ventricular cardiocytes (10 or 4 g of protein, respectively) were used in gel shift analyses, in the absence or presence of 1 l of antibody (Ab) to either c-jun, junD, or c-fos. The supershifted complexes are arrowed. Results are similar when cardiocytes are stimulated with c-fos-inducing agents like serum (not shown). (C) The C-TRE has a higher affinity for AP-1 than the A-TRE. Increasing quantities of unlabeled oligonucleotides were used to compete the binding of HeLa cell nuclear extracts (4 g) to a C-TRE probe in gel shift analysis. Competitors were at 10-, 25-, 50-, and 100-fold molar excess unless otherwise indicated. Binding on the A-TRE is shown for comparison. (D) The A-TRE has a lower affinity for purified AP-1 homo-or heterodimers. Cand A-TRE probes were analyzed by gel shift assay after incubation with increasing amounts of purified c-jun protein, in the absence (left) or presence (right) of a fixed amount of c-fos (35 ng). The probes were of similar specific activity. The top band seen over the A-TRE is also present in the reticulocyte lysates but not in nuclear extracts from the various cells tested.
fos to the lower-affinity A-TRE. To determine whether jun activation domains were functional at this site, we tested the ability of N-terminal c-jun deletions (partially or completely removing activation domains) to activate the A-TRE in the presence of c-fos. For a classical AP-1 site which is inducible by c-jun homodimers (23) , deletion of amino acids 1 to 87 or 6 to 194 of c-jun abrogates wild-type activation of TREs (Fig. 3A) . In contrast, the A-TRE was not inducible by c-jun alone in F9 cells, and c-jun-c-fos induction of the A-TRE was completely unaffected by removal of 1 to 87 or 6 to 194 amino acids of c-jun (Fig. 3A) . This finding suggests that jun activation domains are dispensable for activation of the A-TRE by jun-fos heterodimers. However, as expected, a leucine zipper deletion mutant that has lost the ability to heterodimerize with c-fos was no longer able to mediate transactivation.
Next, the contribution of c-fos domains to A-TRE activation was tested in transfection assays using a variety of mutants, in both HeLa and F9 cells (Fig. 3B) . As expected, a deletion in the DBD of c-fos or mutation in its leucine zipper resulted in complete loss of inducibility. The activation domains of c-fos are not as well characterized as those in c-jun, but autonomous transactivation domains (HOB1 and -2) within the N-and C-terminal regions have been described (26, 49, 58) . Deletion of the first 102 amino acids of c-fos (construct 102-380) reduced activation of the C-TRE by 50% and that of the A-TRE by 5-fold, indicating that an N-terminal activation domain (probably HOB1) is functional on some AP-1 sites. Remarkably, deletion of c-fos carboxy-terminal 145 amino acids (construct 1-235), which among other sites removes the HOB2 activation domain (49) , completely abrogated activation of the A-TRE but not the C-TRE. Mutation of Thr 232, which was previously shown to be important for c-fos activation in a heterologous context and was suggested as a target for c-fos kinase (17), had no effect on transactivation. The involvement of an intact C terminus was further emphasized by the inability of v-fos to activate the A-TRE (Fig. 3B) . The major difference between c-fos and v-fos resides in the last 50 amino acids, which is a transrepression domain that inhibits transcription including that of c-fos itself (39, 57) .
c-fos phosphorylation residues in the C terminus are essential for transactivation. It is known that a cluster of phosphorylatable serine residues in the last 20 amino acids of c-fos are important for transrepression (39) , but given the effect of Cterminal deletion on c-fos transactivation at this site, we examined the effect of serine-to-alanine mutations at these sites on A-TRE activation. Figure 4A shows a schematic of the c-fos protein with emphasis on the C-terminal serine residues. The effects of alanine mutations at these sites were tested by transfections in HeLa (not shown) and F9 ( Fig. 4B) cells; strikingly, mutation of either the serA, -B, or -C site totally abrogated induction of the A-TRE with little effect on the C-TRE as previously reported. That these mutants were expressed in in total) . The c-fos mutants correspond to a C-terminal deletion (1-235), an N-terminal deletion (102-380), a deletion in the DBD (dDBD), a mutation in the leucine zipper (LZm), or v-fos, the oncogenic counterpart of c-fos (FBJ-v-fos). Also shown is the result obtained in assays using a mutation of Thr 232 to Ala in c-fos, a site previously shown to be a target for a novel c-fos kinase (17) . In the c-fos schematic above the data, AD is used to indicate previously identified activation domains. Fold induction is relative to activity of TREs transfected with pRSV-neo, and the data represent the means of two independent experiments done in duplicate.
VOL. 18, 1998 c-fos C TERMINUS IS MULTIFUNCTIONAL 5077 (Fig. 4C ). This finding suggested that the observed effects of alanine mutations resulted in changes at a level distinct from DNA binding in vitro. The transactivating properties of the C terminus of c-fos were further examined in a heterologous context; the wild-type c-fos or c-fos mutated at the last 90 amino acids was fused to the DBD of the yeast transcription factor GAL4 (GAL4 1-147) , and the transactivation of a reporter containing tandem GAL4-binding sites was examined with this wild-type C-terminal construct and various mutants. As shown in Fig. 4D , the last 90 amino acids of c-fos contain considerable activation potential; this finding is consistent with that of Funk et al. (20) , who recently identified an activation domain (C-TM) within this region of fos. All recombinant proteins were adequately expressed, as evidenced by Western blot analysis (Fig. 4D, right) . Deletion of the C-TM identified by Funk et al. (20) abrogated transactivation completely; interestingly, deletion of the last 20 amino acids, which harbor the serine clusters, reduced transactivation 20-fold, indicating that there may be cooperation between these two activation domains. Mutation of either the serB or serC residue also significantly reduced transactivation. Thus, both in the native c-fos protein and in a heterologous context, these serine residues appear to play a major role in transactivation by c-fos. Candidate kinases that have been suggested for these sites include MAPK (2, 14, 51) . Given that MAPK activation correlates with ANF induction in hypertrophy (10, 21), we examined whether the p44/ERK-1 kinase could positively affect the ability of c-fos-junD to stimulate the A-TRE. Indeed, we found that ERK-1 but not a kinase-deficient mutant potentiated the activation of the A-TRE by c-fos-junD in HeLa cells (Fig. 5A) . The contribution of ERK-1 to basal ANF levels was substantiated by the observation that the ANF promoter was repressed by the ERK-1 kinase-deficient mutant (not shown). None of the other constitutively active kinases that were tested, including protein kinase C (PKC), PKA, and Ca 2ϩ /calmodulin-dependent kinase, produced any transactivation of the A-TREcontaining promoters either alone or in combination with junD-c-fos (Fig. 5A and data not shown) . Strikingly, the positive effect of ERK-1 was lost when the carboxy-terminal serine residues were mutated (Fig. 5B) , and v-fos was unresponsive to ERK-1. That all three mutants were unresponsive to ERK-1 may not be surprising given the evidence of cooperative phosphorylation at these sites (14) . Additionally, we found that ERK-1 potentiated the induction of the A-TRE in cardiocytes (Fig. 1C) . Collectively, these data support a functional role of MAPK in c-fos-mediated transactivation of specific AP-1 sites.
DISCUSSION
c-fos is a multifunctional protein that plays important roles in many cellular processes ranging from differentiation to proliferation, apoptosis, and tumor progression. The molecular mechanisms underlying the effects of c-fos remain largely undefined, although it is widely assumed that they involve transcriptional regulation of target genes. One way c-fos can modulate transcription is via heterodimerization with jun family members and binding TRE/AP-1 sites. However, given that jun homodimers can efficiently bind and transactivate most TREs, the contribution of c-fos to transactivation by a jun-fos heterodimer has been essentially ignored. The work presented here suggests the existence of a subtype of AP-1 sites that is specifically activated by c-fos-containing heterodimers, mainly through c-fos activation domains. The lower affinity of these sites for jun homodimers may provide a first level of discrim- 5 g in total) . The c-fos mutants replace serine with alanine residues in either the A, B, or C phosphorylation site of the c-fos C terminus (39) . Data are duplicates from a representative experiment (out of four) and are represented as fold induction over activity obtained using the pRSV-neo control plasmid. (C) c-fos serine mutants are expressed in cells and cause a similar increase in AP-1 binding compared to wild-type c-fos. 293T cells were plated in 100-mm-diameter dishes and transfected with 30 g of expression vector encoding c-fos or mutant; nuclear extracts (100 g) prepared from these cells were Western blotted to detect protein levels or used in gel shift experiments (15 g) to examine AP-1 binding activity. A polyclonal fos antibody was used to detect c-fos and the various mutants. (D) GAL4 fusion experiments implicate a role for the last 20 amino acids of c-fos in transactivation. HeLa cells were cotransfected with a GAL4 reporter plasmid (2 g) and either a vector encoding GAL4 1-147 (DBD) or one of various GAL4-fos fusions (200 ng) shown. After 36 h in low serum (0.5%), cells were harvested and extracts were assayed for luciferase activity. Results (n ϭ 4, one typical experiment) are expressed as activity relative to the control vector GAL4 1-147. ination for the c-fos-jun heterodimer which has increased DNA binding affinity. Thus, the sequence of the TRE, including residues outside the core motif, appears to be important in dictating dimer specificity as previously reported for the MycMax heterodimer (18) .
The strict dependence on c-fos activation domains supports previous structural studies, suggesting that DNA topology around AP-1 sites is differentially affected by jun homodimers and fos-jun heterodimers (28) . c-fos transactivation of the specialized AP-1 site mapped to the carboxy-terminal region that was previously shown to be required for c-fos transrepression of its own transcription and that of EGR-1, another immediate-early gene (22, 39) . This result was somewhat unexpected since previous studies showed no difference between c-fos and v-fos, which lacks this region, in transactivating classical AP-1 sites (39) . Moreover, in assays using chimeric proteins, several transactivation domains have been mapped within the c-fos protein mostly N-terminal to this so-called transrepression domain (17, 26, 49) . It is possible, of course, that different transactivation domains are used by c-fos to modulate transcription in an AP-1-independent manner (48) . It is also possible that other domains of c-fos contribute to activation in cooperation with the C-terminal region. Sutherland et al. (49) have shown that at least two activation domains of c-fos are required for transactivation, and recent work by Funk et al. (20) also suggests cooperativity between a C-and an N-terminal transactivation domain. The data from the GAL4 fusion studies suggest that the C-TM domain and the serine residues functionally cooperate.
The results of the present study point to a role of MAPKmediated phosphorylation in c-fos transactivation of AP-1 sites.
This finding is consistent with other reports that have documented in vivo association between MAPK and the AP-1 complex (8) and a requirement for MAPK for AP-1 activation in response to some stimuli (19) , and it suggests that MAPK targets c-fos in the AP-1 complex. Moreover, previous studies (14) showed that c-fos was phosphorylated in vivo and in vitro by MAPK at serine 374, whereas serine 362 was a target for 90-kDa ribosomal S6 kinase, which can be activated by MAPK (9) . Interestingly, it was found that although either kinase functioned by itself, there was marked cooperativity between them which might explain the inhibitory effect of either Ser 374 or Ser 362 mutation on c-fos transactivation. Further studies have also shown that a net negative charge at the extreme C terminus of c-fos augments its transactivation and transformation properties (15) . The mechanism by which MAPK alters directly and/or indirectly c-fos function is unclear. MAPK phosphorylation of Ser 374 and Ser 362 has been reported to enhance c-fos stability (15, 40) ; nuclear extracts prepared from cells expressing wild-type or phosphorylation mutant c-fos proteins show similar AP-1 binding levels (Fig. 5C ), suggesting that mechanisms other than those leading to changes in c-fos protein levels must also be implicated. It is possible, for example, that C-terminal phosphorylation favors productive interactions with other transcription factors either directly or through recruitment of coactivators. In this respect, it has been recently shown that c-fos contacts the TATA box-binding protein through a C-terminal domain just upstream of the MAPK phosphorylation sites (36) and interacts with the transcriptional coactivator CREB binding protein via the C terminus of cfos (6) . However, it is not known whether those or other interactions are affected by the MAPK pathway. Notwithstanding VOL. 18, 1998 c-fos C TERMINUS IS MULTIFUNCTIONAL 5079
on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ these mechanistic uncertainties, the requirement of the carboxy-terminal domain of c-fos, which is divergent in the fosrelated protein Fra-1 and is absent in v-fos, is consistent with the inability of these proteins to substitute for c-fos in transactivation, although both form stable DNA-binding complexes over the AP-1 site (Fig. 4B and data not shown) . In fact, in this context, v-fos acts as a dominant negative mutant of c-fos. This, in turn, raises the intriguing possibility that the C terminus of c-fos serves two functions essential for normal cells which would be lost in v-fos; i.e., it negatively controls proliferation genes and positively modulates differentiation genes. Finally, the characterization of the specialized AP-1 site within the ANF promoter and its transactivation by MAPK might be biologically relevant to understanding regulation of cardiac genes in response to stimuli that alter cardiac function. Indeed, stimulation of cardiomyocytes by vasoactive hormones, ischemia, mechanical stretch, etc., is associated with activation both of the MAPK pathway and of the AP-1 complex, and with profound changes in the expression of cardiac genes including the ANF gene (21, 42, 43, 54, 59, 60) . In this respect, the finding that mutation of the ANF AP-1 site totally abrogates the in vivo induction of ANF promoter activity in response to pressure overload (53) is especially noteworthy and lends further support for functional significance of the data presented.
